While the detrimental effects of cranial radiotherapy on the developing brain are well known, the effects on cognitive performance of low doses of ionizing radiation is less studied. We performed a population-based cohort study to determine whether low doses of ionizing radiation to the brain in infancy affects cognitive function later in life. Further we hypothesized that the dose to the hippocampus predicts cognitive late side effects better than the anterior or the posterior brain doses. Material and methods. During 1950 -1960 3860 boys were treated with radiation in Sweden for cutaneous hemangiomas before the age of 18 months. Of these, 3030 were analyzed for military test scores at the age of 18 years and 2559 for the highest obtained educational level. Results. Logical, spatial and technical test scores were not affected by increasing irradiation doses. The verbal test scores displayed a signifi cant trend for decreasing scores with increasing doses to the hippocampus (p ϭ 0.005). However, the absolute mean difference between the zero dose and the highest dose category (median 680 mGy) was very small, only 0.64 stanine points, and the signifi cance was dependent on the highest dose category, containing few subjects. The educational level was not affected by brain irradiation. Overall, the hippocampal dose was a better predictor of late cognitive side effects than the doses to the anterior or the posterior brain. In conclusion, there was no decrease in logical, spatial and technical verbal or global test scores after ionizing radiation doses up to 250 mGy, but a subtle decrease in verbal test scores if the highest dose category was included (median 680 mGy). However, the clinical relevance of this decline in the highest dose group is questionable, since we could not fi nd any effect on the highest obtained educational level.
It is well known that radiation therapy (RT) is a major cause of long-term complications observed in survivors of pediatric brain tumors [1, 2] . Cognitive impairments, perturbed growth and puberty as well as secondary malignancies are some of the so-called late effects seen after RT [3 -6] . Cranial irradiation is associated with negative effects on a range of different cognitive functions, including attention span, working memory, processing speed and other executive functions, as well as measurable decreases in IQ scores [7] . Cognitive defi cits have been shown to be more severe in younger children after RT and the impairments increase progressively over time [8] . However, RT is often combined with other treatment modalities and it is complicated to distinguish the effects of radiation alone from the effects of disease, surgery or chemotherapy.
Effects of low-dose radiation to the brain are less well studied. Negative infl uence on cognitive performance and scholastic aptitude was reported in children treated for tinea capitis, receiving an estimated mean brain dose of 1.3 Gy (mean age at treatment: 7.1 Ϯ 3.1 years) [9] . A study by Hall et al. published in 2004 , demonstrated a decline in cognitive function after radiation doses lower than 1 Gy to the brains of children treated for cutaneous hemangiomas before the age of 18 months [10] . The outcome of their study has been heavily debated regarding possible bias, and started a discussion on safety aspects regarding the frequently used computed tomography (CT) of the brain in children for diagnostic purposes [10] .
Neurogenesis in the hippocampus is thought to be important for memory and learning [11] . Recent studies have addressed the contribution of hippocampal dysfunction in cognitive outcome after cranial irradiation in rodents and humans [12 -14] . The hippocampus is situated in the temporal lobe of the brain and human studies have shown a correlation between cognitive outcome and radiation dose to the temporal lobe in general and to the hippocampus in particular [15 -17] . In the study by Hall and coworkers the radiation dose to the anterior or the posterior parts of the brain was correlated to cognitive performance, but we hypothesized that the dose to the hippocampus would correlate better with the cognitive test results and therefore added the hippocampal dose to our analyses.
The aims of the present study was to validate previously published results indicating that dose levels overlapping the range of normal CT scans to the brain in infancy results in signifi cantly decreased cognitive function [10] , and further to test the hypothesis that the dose to the hippocampus better predicts cognitive outcome than anterior or posterior brain doses.
Material and methods

Study population
Two cohorts of in total more than 26 000 infants treated for cutaneous hemangiomas have been established in Stockholm and Gothenburg, Sweden, to study late effects after treatment with low doses of ionizing radiation. The infants were up to 18 months old when they received their fi rst treatment during the time period 1920 -1965 . In Stockholm the treatments started in 1920 and ended in 1959, in Gothenburg this treatment method started in 1930 and ended in 1965. Hall et al. studied the effects of low doses of ionizing radiation in infancy on cognitive function in adulthood in the boys of the Stockholm cohort born up to 1950 [10] .
In the current study, all 3860 boys born from 1950 to 1960 in the Stockholm and the Gothenburg cohorts were included. In 1950, electronic registration of military records started, replacing to the previous paper records. We only included the electronically recorded scores, whereas Hall et al. only used the paper records. Hence, there is no overlap between the current study population and that of the study published by Hall and coworkers.
The median age at the fi rst treatment was fi ve months. On average, the children were treated 1.3 times each.
Register linkage
All Swedes have a unique personal identifi cation number making linkage between different registers possible. The analyses were possible by linking dosimetry data with test results from the Swedish Military Service Conscription Register and educational data from the Longitudinal Integration Database for Health Insurance and Labor Market Studies (Swedish acronym LISA). All data handling was in accordance with the ethical approval obtained from the Regional Ethical Committee in Gothenburg, Sweden (Dnr 215-05, T 019-10).
Databases Swedish Military Service Conscription Register Data.
During the study period, Swedish law required all 18-year-old Swedish men to undergo extensive and highly standardized intelligence tests and physical examinations prior to the compulsory conscription assignment in the Swedish Armed Forces. Exemptions were granted only for incarcerated males, severe chronic medical conditions, or handicaps documented by a medical certifi cate (2 -3% of the yearly population). The cognitive performance tests are described in detail elsewhere [18, 19] and results have been used in other studies [20] . Four cognitive tests were used during the years of assessment covered by the current study: logical performance test, verbal test of synonyms and opposites, test of visuospatial/ geometric perception, and technical/mechanical skills, including mathematical/physics problems. The combined performance on all four tests yielded a global intelligence score, which was regarded as a measure of general cognitive capacity [18] . The intelligence tests used in the present study use a conversion to a nine-point stanine (standard nine) scale which provided long-term stability of data sets. Central training and instruction of the psychologists who supervise the tests and the use of a standard manual helps to ensure consistency. The stanine standard scores have means of 5 and standard deviations of 2. They divide the normal curve into nine scores. The Wechsler Adult Intelligence test (WAIS), as well as many other intelligence tests, uses a scale with a mean of 100 and a standard deviation of 15. For comparison between the stanine scale and a scale with a mean of 100 and a standard deviation of 15 we used the formula: x stainine scores * 7.5 ϭ yIQ scores [21] .
Longitudinal integration database for health insurance and labor market studies (Swedish acronym LISA).
The LISA database (http://www.scb.se/Pages/ List____257743.aspx) includes all individuals 16 years of age and older registered in Sweden in 1990 or later. The database, which is updated annually, integrates data from the labor market, as well as educational and social sectors. Information on parental education and subsequent education of the subjects was obtained from LISA.
Radiation treatment and dosimetry
Details about the dosimetry were published previously [22, 23] . In brief, the hemangiomas were located all over the bodies, 45% in the head and neck region, 29% on the upper trunk, 9% on the lower trunk and 17% on the extremities. The hemangiomas were mostly treated with radium needles and tubes (71%) but also with radium plaques used as β -emitters (8%), x-rays (21%) and 32P sheets ( Ͻ 1%) [22] . The body surface was divided into 28 different areas and the treatments were classifi ed according to area treated. For all treatments the absorbed doses to the anteriorand posterior brain [10] and to the right and left hippocampus were calculated for each patient, taking into account the duration of the exposure and the distance between the treated body surface area and the defi ned brain regions. For statistical analysis the mean dose of the right and left hippocampus was used in the tables. For treatments in the six body surface regions in the head and neck region the exact position of the treatment inside the region was used for the calculations. Patients were divided into three age groups, 0 -4 months, 5 -11 months and Ն 12 months and the skull sizes at these ages were determined from representative magnetic resonance (MR) images. This was used to adjust the estimated absorbed doses at different ages. For distances outside the skull, data published by Lundell et al. were used [22] . Earlier determined dose-rate tables were used when estimating the dose contribution from radium needles and tubes [23] . For radium plaques [24] and x-ray treatments (mostly contact therapy 50 -60 kVp) depth dose curves were used.
Statistical methods
The mean values of the absorbed doses in the anterior brain, posterior brain and hippocampus were used in the analyses. Absorbed doses were divided into fi ve categories: 0, 1 -20, Ͼ 20 -100, Ͼ 100 -250 and Ͼ 250 mGy. The mean logical, verbal, spatial, technical and global scores were analyzed for different dose categories and adjusted for age at treatment and year of birth by using one-way analysis of variance. The mean test values were adjusted for age at treatment and year of birth using ANOVA and were reported with standard error (SE). P for trend Ͻ 0.05 was considered as signifi cant.
Educational data were categorized in non-higher and higher education (completed post high school Figure 1 . Inclusion and exclusion criteria in the study. education). Logistic regression was used to model the probability of having completed higher education, using the categorical explanatory variables for estimated absorbed doses to the defi ned brain regions, age at treatment (0 -4, 5 -11 and Ն 12 months), year of birth and parents ' education. Results from the logistic regression are presented as odds ratios with 95% confi dence intervals. Likelihood ratio tests were used to assess the signifi cance of the explanatory variables. The absorbed dose was used as a continuous variable to test the trend by dose.
Results
From the study population of 3860 boys we were able to analyze the military test scores of 3030 and further out of these the educational level of 2559 individuals ( Figure 1) . Importantly, the largest loss to follow-up was for those tested in 1950 and 1951 (447 and 198, respectively) for technical reasons, since we excluded all individuals not electronically recorded in the registers (see also Material and methods above). A separate analysis was performed on the excluded individuals and the mean radiation dose to the different parts of the brain did not differ signifi cantly from the rest of the population (data not shown). The numbers of individuals in each dose category are reported in Figure 2 . The mean and median doses to the anterior brain, posterior brain and the hippocampus for the individuals included in the military test score analyses are shown in Table I . For individuals included in the military test score analyses, but for whom data on educational level were not available, the doses were similar (data not shown).
For the verbal test there was a trend for decreasing scores with increasing dose to the anterior part of the brain (p ϭ 0.02) and to the hippocampus (p ϭ 0.005) (Figure 3b) . However, the logical, tech- 0  825  0  0  1 -20  986  14  10  1000  14  10  765  14  10  21 -100  678  48  40  931  56  50  1093  55  50  100 -250  437  166  160  171  151  140  256  148  140  250 -144  675  363  83  652  420  91  1105  680  Totals  3030  71  20  3030  48  20  3030  69  20 nical and spatial test scores were not affected by increasing irradiation doses, irrespective of the brain region analyzed (Figure 3a,c,d ). When the global intelligence scores were analyzed we could not fi nd lower scores with increasing doses, though there was a tendency for the doses to the hippocampus (p ϭ 0.06) (Figure 3e ). Stanine scores, as described in the methods, range from 1 (low) to 9 (high). The similar way to the study conducted by Hall et al. in 2004 to enable comparisons [10] . We found no reductions in the logical, spatial, technical or global test scores for any brain region analyzed. We did fi nd a modest reduction in verbal scores, particularly when analyzing the doses to the hippocampus. This may seem surprising, considering the proposed role for the hippocampus in spatial navigation and memory [25] , but is supported by a Finnish study where children, especially girls, treated with RT had lower language school grades [26] . Although we found an effect of low-dose radiation on verbal cognitive performance, it should be emphasized that it was the highest dose category that contributed the most to the dose-response relationship and this category contained relatively few subjects (91 of 3030), warranting caution before making statements about causality. Importantly, higher education was not infl uenced by the radiation dose to the brain, irrespective of which brain region that was analyzed. The most obvious explanation for these results is that the decline in verbal test score observed was indeed very small and could be compensated for somehow, thereby making it clinically less relevant. The possibility that the endpoint higher education was not an appropriate measure to reveal existing differences must be considered.
The dose to the hippocampus showed the best correlation with reduced cognitive performance. The stronger correlation between the hippocampal absolute mean test score differences between the zero dose and the Ͼ 250 mGy dose categories (median 680 mGy) in the hippocampus were: 5.39 -4.98 ϭ 0.41 (logical), 5.36 -4.72 ϭ 0.64 (verbal), 5.64 -5.29 ϭ 0.35 (spatial) and 5.14 -4.76 ϭ 0.38 (technical) (Figure 3a -d) . Using a scale with a mean of 100 and a standard deviation of 15, like the WAIS and other IQ-tests, this corresponds to approximately 3.1, 4.8, 2.6 and 2.9 points, respectively. When all four tests were congregated to generate a general global intelligence score, the difference was only 5.56 -5.04 ϭ 0.52 (Figure 3e ). Only 19% of the children to parents with non-higher education, completed higher education, as compared to 53% of the children to parents with higher education (Table II) . Higher education was not affected by brain irradiation, irrespective of dose and brain region (Table III) .
Discussion
While the detrimental effects of cranial RT on the developing brain are well known in the fi eld of pediatric oncology [6, 7] , the effects on cognitive performance of low doses of ionizing radiation, such as for diagnostic imaging purposes have been a matter of much debate. The current study was designed to assess possible effects of low doses of ionizing radiation in infancy on cognitive performance in adulthood. The study was deliberately designed in a Table III . Odds ratios and 95% confi dence intervals of higher education, in relation to dose. radiation dose and the effects on cognition is supported by the particular radiosensitivity of the hippocampal neurogenic niche and its proposed role in memory and learning, as mentioned in the introduction [11, 14] . In a recent paper we showed that reducing the radiation dose only to the neurogenic niches in the brain (hippocampus and subventricular zone) was estimated to ameliorate the cognitive defi cits in children treated for medulloblastoma [27] . In accordance with the results from Hall et al., the dose to the anterior brain correlated better with reduced test scores than the dose to the posterior brain [10] , but the hippocampal dose was even better than the anterior brain dose for this purpose. The strengths of our study include the large size of the cohort, the limited loss to follow-up, the long time to follow-up, the use of independent parameters for assessment, and the use of internal controls (zero dose) to minimize selection bias. The study further allowed evaluation of the effects of radiation alone on cognitive performance, unlike the situation in patients, where it is diffi cult to distinguish between the relative contributions of the disease, surgery, chemotherapy and RT.
A limitation of the study is that the compulsory military conscription only included men, and it is known that at least higher doses of ionizing radiation affect the cognitive function of girls more than boys [26, 28] . Our data were collected during a period when methods for more detailed neurocognitive assessment were still under development. More detailed neuropsychological examinations, e.g. analysis of executive functions, would likely have enabled us to draw further conclusions about the nature of the effects of low-dose radiation, if any, on cognitive performance. Children with the largest hemangiomas on the face were likely treated with the highest doses, resulting in the most mutilating scars. This may have infl uenced their self-esteem or confi dence and thereby also their test results and performance in the educational system. Unfortunately, the nature of the collected material did not allow us to control for this possible psychological confounder.
Hall et al. reported a signifi cant, inverse doseresponse relation for logical, verbal and technical test scores but not visuospatial recognition. Further, they showed a decreasing proportion of boys attending high school with increasing doses of irradiation to the brain and concluded that cognitive performance in adulthood is infl uenced by low doses of irradiation to the brain in infancy. We analyzed a similar, but larger study population than Hall et al. As we could only fi nd a dose-response relation for the verbal test scores, we could not verify their fi ndings. However, there are some differences between the two studies.
First, we stratifi ed by parental educational level and not socioeconomic status. However, at the time of treatment (1950 -1960) and testing (age 18 years old), these two concepts were assumed to be tightly linked and this difference unlikely explains the discrepancies. Second, whereas they used only the father ' s socioeconomic status, we used the father ' s or the mother ' s highest obtained education. Since the combination of a mother with higher education and a father without higher education was uncommon at the time, this does not likely explain the discrepancy between our results. Third, our study population was treated in a later time period, and routines might have changed over the decades. However, we did not observe any differences that could be attributed to the year of treatment within our cohort, spanning over a 10-year period. However, even though we could not explain the differences observed, we cannot exclude the possibility of an, as of yet, unidentifi ed factor introducing bias. Importantly, the educational endpoint we used (completed post high school education) is more demanding than just high school attendance, which was used in the study by Hall et al. This would, if anything, have made it more likely for us to detect differences in scholastic aptitude, had there been any.
The potential hazard of low-dose radiation is still a research area in great need of solid data. The current study allowed unbiased assessment of doses in the range from 0 up to about 500 mGy median dose (Table I ). For comparison, the dose from a CT brain scan after 2001 in a child is in the range of 28 -44 mGy [29] . A CT brain scan is a powerful and sometimes vital diagnostic tool, but in addition to the risk of cognitive effects, the risk of secondary malignancies should also be considered [29] .
In conclusion, we found no signifi cant effects on logical, spatial, technical or global test scores after low doses of ionizing radiation. For verbal test scores, there was an inverse dose-response relation with increasing doses to the hippocampus, but the absolute decline in test score was low and strongly dependent on the contribution of the highest dose category. We could not detect any infl uence on the highest obtained education and hence the clinical relevance of the subtle cognitive verbal decline should be interpreted with great caution. To the best of our knowledge, there are no similar studies conducted outside Sweden, and it remains to be shown if the results can be generalized to other parts of the world. Further investigations to address this question are warranted. Nevertheless, our results expand the knowledge of low-dose radiation to the brain and will hopefully contribute to risk assessments and future guidelines in pediatric diagnostic radiation.
